We investigated the molecular defects of the aldolase B gene in five unrelated patients affected by hereditary fructose intolerance. The techniques used were DNA amplification, direct sequencing and allelespecific oligonucleotide (ASO) hybridization. The most frequent substitutions found in the hereditary fructose intolerance alleles analysed were the A174D and the A149P mutations, which account for 50% and 30% of the alleles, respectively. In two unrelated families, we found a rare mutation, the MDA4 previously described only ih one British family, which may be an important cause of the disease in Italy.
Introduction
Hereditary fructose intolerance, inherited as an autosomal recessive character, is an inborn error of carbohydrate metabolism caused by a deficiency of hepatic aldolase B 2) (1, 2) . The disease is heterogeneous at the molecular level and analysis of the relative DNA mutations may allow an early diagnosis in infants and identification of the carrier status. This would avoid the routinely performed intravenous fructose tolerance test or the direct assay of aldolase activity in liver biopsy samples.
The aldolase B gene, located on chromosome 9 (3), is 14.5 · 10 3 bases long and consists of nine exons coding for a protein of 365 amino acid residues (4). Ten mutations have been described to-date; of these the most common are two single-base substitutions (A149P and A174D) in exon 5 (5) . The A149P mutation leads to a protein with greatly diminished activity towards the fructose-1-phosphate and fructose-1,6-bisphosphate substrates, while the A174D mutation leads to a highly unstable protein. Other recently described mutations are rare and, in some cases, confined to single affected pedigrees (6) (7) (8) (9) (10) . In this study we have analysed the aldolase B gene in five unrelated hereditary fructose intolerance patients from Northern Italy, using the DNA polymerase chain reaction followed by sequencing and hybridization to specific oligonucleotides. Furthermore, carrier status was established in three individuals, who are siblings of two probands.
Materials and Methods
Southern blot and hybridization DNA, extracted from peripheral blood according to conventional methods (11) , was digested with Eco RI and Bgl II, electrophoresed on 1% agarose gel and blotted according to the Southern method (12). The nylon membranes (Nytran, Schleicher & Schuell, Germany) were then hybridized to the human aldolase B cDNA (13) Ρ]αΑΤΡ end-labelled. The hybridization and the discriminatory washing temperatures depended on the melting temperature (T m ) of the oligonucleotides used as probes. The filters were autoradiographed at -80 °C using an intensifying screen. The sequence of the probes used are listed below:
A149WT, AAGTGGCGTGCTGTGCTGA· A149MUT, AAGTGGCGTCCTGTGCTGA· A174WT, TCGCTACGCCAGCATCT; A174MUT, AGATGCTGTCGTAGCGA· MDA4WT, GCAGGAACAAACAAAGAAAO MDA4MUT, GCAGGAACAAAGAAACCACC-
Results and Discussion
We investigated the molecular basis of hereditary fructose intolerance in five unrelated Italian children, diagnosed by enzymatic assay r of liver biopsies. The homozygote condition of large deletions or insertions was excluded in all patients by Southern blot analysis (see fig. 1 ). DNAs from five subjects and one control, extracted from peripheral blood, were digested with Eco RI and Bgl II, and, after Southern blot, hybridized to the human aldolase B cDNA as probe (13) . We amplified the whole coding region (exons 2-9) of the aldolase B gene with PCR using specific primers (see tab. 1). To screen for the most common mutations, A149P and A174D, we sequenced the amplified exon 5 in all patients. The results showed that one patient (No. 3) was homozygous for the A149P mutation, one (No. 5) was homozygous for the A174D mutation, and another (No. 1) was a compound heterozygote for the A174D and the A149P mutations. The other two subjects (Nos. 2 and 4) were compound heterozygotes for A174D and for another muta.tion in a different region of the aldolase B gene. To identify this mutation, all the exons of these subjects were analysed by PCR and sequencing. In both patients we found a mutation in exon 4 (MDA4). This mutation, so far described in only one British family, is a 4-base pair deletion in exon 4 that causes a frameshift at codon 118; this results in an early stop codon that gives rise to a truncated protein of 150 residues (6). The alleles bearing the different mutations in the compound heterozygotes (patients Nos. 2 and 4) were cloned and sequenced. The sequence of the normal allele and the mutant allele containing the MDA4 mutation is shown in figure 2 .
The aldolase B mutations in our patients were also analysed by hybridization to oligonucleotides specific for the wild and mutant sequences (allele-specific oligonucleotides). The results obtained with the slot blot hybridization are shown in figure 3.
Our survey indicates a high incidence of the A174D mutation in our patients. In fact, this mutation accounts for 50% of 10 independent hereditary fructose intolerance alleles, while the A149P mutation accounts for 30% and the MDA4 for 20%.
In all the families, direct sequence analysis on amplified exons 4 and 5 of the parents of the five probands indicates Mendeli&n inheritance for both of the mut ant alleles found in each patient (data not shown). The molecular alteration found in each of the two parents excludes the possibility that propositi Nos. 3 and 5 are hemizygotes, one allele being largely deleted. Furthermore, in two families^ carrier analysis was performed in three individuals (siblings of the two probands), and in all three carrier status was diagnosed for the A174D mutation.
The results described in this paper are in agreement with the mutational heterogeneity of hereditary fructose intolerance (15, 16) and indicate a higher frequency of the A174D mutation in our Italian patients. Although the latter finding may appear to diverge slightly from the frequencies described for the two mutations (15) , it should be taken into account that only a small number of individuals have been so far investigated. Moreover, our data are in agreement with the decreasing frequency of the A149P mutation from north to south in Europe (15) . The MDA4 mutation, so far considered rare, was found in two unrelated Italian families and might be another important cause of the disease in Italy. This mutation should be taken into account, together with other rare mutations found in some Italian families (16) , in the diagnosis and genetic counselling of heterozygotes.
In conclusion, the combination of PCR followed by direct sequencing or by allele-specific oligonucleotide hybridization is a rapid and efficient method for the prenatal and early diagnosis of hereditary fructose intolerance and for the screening of asymptomatic carriers in affected families, at least at all sites where mutations have been identified. Hitherto, this condition was diagnosed by the cumbersome and invasive technique of liver biopsy, and by the intravenous fructose tolerance test.
